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Three Pillars of Deep Decarbonization 
Required in All Cases
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Current Energy System
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Source: Williams et al. Deep Decarbonization in the United States (2015)



Low Carbon Energy System
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Source: Williams et al. Deep Decarbonization in the United States (2015)



Sectoral Metrics: 2050 Benchmarks for US

Source: Williams et al. Deep Decarbonization in the United States (2015)



Energy infrastructure typically has long lifetimes
Decarbonization strategy must account for this

• A car purchased today is likely to replaced at most 2 times before 2050.  
A residential building constructed today is likely to still be standing in 2050.  
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Systemic Nature of Low Carbon Transition
Light Duty Vehicle Example
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Annual LDV 
sales

LDV stocks by 
type
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VMT by fuel 
type
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Annual sales 
reach 100% low 
carbon vehicles in 
~15 years

LDV stock ~300M 
low carbon 
vehicles in 2050

>90% of VMT 
from electricity or 
electric fuels
Electric drive train 
efficiency reduces 
final energy ~2/3
LDV emission 
reduced >95%

Source: Williams et al. Deep Decarbonization in the United States (2015)
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Annual sales 
reach ~100% 
electric heating in 
~10 years

Space heating 
~100% electrified 
by 2045

Electricity 
supplies all 
heating in 2050 
CO2 from heating 
almost eliminated 
by 2050

Source: Williams et al. Deep Decarbonization in the United States (2015)



Deeper reduction targets require a 4th pillar: 
Carbon capture, utilization, sequestration

Source: Haley, et al. 350 ppm Pathways for the United States. (2019)



Energy Economy in Low Carbon Transition:
Capital Costs Replace Fuel Costs
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Summary: The Low Carbon Transition
• Net zero carbon by mid-century is technically 

feasible
• Decarbonization is built on 3 pillars: energy 

efficiency, electrification, carbon-free electricity
• 4th pillar for deeper decarbonization: carbon 

capture, sequestration, by technology or land sink
• Fuel costs replaced by fixed costs in low carbon 

energy economy
• Large change in where money flows to, relatively 

small change in net flow (~1-2% of GDP)



A few institutional challenges...

• Cross-sector coordination in planning and 
investment, e.g. electricity and transportation

• Certainty for investors
• Consumer adoption of low carbon 

technologies, e.g. heat pumps & ZEVs
• Adapting to energy system primarily powered 

by renewables & dominated by fixed costs
• New electricity markets, planning processes
• Retirement of natural gas distribution system
• Addressing land use, NETS requirements
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How to coordinate across sectors when the 
institutions don’t currently exist?
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How to drive investment flows into 
low carbon equipment and infrastructure?
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How to drive rapid consumer adoption?
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What changes are required for electricity 
balancing in high renewables system?
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Thank you!
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Energy Transition 
(High Renewables Case)
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Source: Williams et al. Deep Decarbonization in the United States (2015)



20
Source: Williams et al. Deep Decarbonization in the United States (2015)
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Energy Economy in Low Carbon Transition
Capital Costs Replace Fuel Costs
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Seasonal overgeneration
solution: electric fuel 
production & other flexible 
loads

Jones et al, IEEE Power and Energy, 2018

Seasonal undergeneration
solution: natural gas generation 
at very low capacity factors for 
reliability



Jones et al, IEEE Power and Energy, 2018



Jones et al, IEEE Power and Energy, 2018



Some questions for future wholesale 
electricity markets

• How will conventional thermal power plants 
needed for reliability get paid?

• How will revenue requirements dominated by 
fixed costs be allocated among consumers?

• How will large flexible loads be induced to 
participate?

• How will future electricity system planning be 
conducted?



Summary: What carbon neutrality 
means for the electricity industry

• Fully decarbonized electricity
• 2-3x generation to serve new electric loads
• New approach to supply-demand balancing
• Much greater integration with demand side in 

operations, planning, procurement
• Very different wholesale electricity markets
• Increasing interactions with land use



The IPCC Special Report on “Global Warming of 1.5°C”

Net emissions include those from land-use change and bioenergy with CCS.
Source: Huppmann et al 2018; IAMC 1.5C Scenario Database; IPCC SR15; Global Carbon Budget 2018

The IPCC Special Report on “Global Warming of 1.5°C” presented new scenarios:
1.5°C scenarios require halving emissions by ~2030, net-zero by ~2050, and negative thereafter

1.5°C pathways reach 
“carbon neutrality” globally 
~ 2050

https://doi.org/10.22022/SR15/08-2018.15429
https://data.ene.iiasa.ac.at/iamc-1.5c-explorer/
https://www.ipcc.ch/report/sr15/
http://www.globalcarbonproject.org/carbonbudget/


Mitigation Targets and Net CO2 Emissions
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Land use implications of carbon 
neutrality for energy system

• The deeper the emissions target, the more land 
use is involved

• Sink: energy system emissions target depends 
in part on how big the land sink is 

• Siting: large wind and solar build out requires 
significant land area 

• Biomass: competes with other land uses, e.g. 
food, biodiversity

• All occurring under pressure of increasing 
population, climate change, other threats
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